Nitrate is a common contaminant in shallow groundwater systems. Denitrification may be the process best suited to bioremediate nitrate contamination as it can utilize relatively large amounts of nitrate and it produces an innocuous end product. Studies have shown that denitrification does occur in nitrate-contaminated groundwater (3, 27, 32) , but it is usually electron donor limited (25) . Consequently, using denitrification to remediate nitrate contamination will necessitate the addition of a suitable electron donor to stimulate activity.
The utility of hydrogen-linked denitrification as a means to treat nitrate contamination in drinking water has been recognized in Europe (see reviews by Gayle et al. [7] and Mateju et al. [19] ). Kurt et al. (15) used mixed populations of denitrifiers in bench-scale sand-bed reactors to study the process. They found that, in continuous operation, complete removal of 1.8 mM nitrate from tap water with no nitrite accumulation was accomplished in 4.5 h at 30°C. A pilot-scale industrial plant that uses hydrogen oxidation coupled with denitrification for drinking water production has been in operation in Monchengladbach, Germany, since 1986 (10). The plant produces about 50 m3 of drinking water h'-l, removing 0.74 mol of N m-3 h-l. In a separate study in Belgium, hydrogenotrophic nitratereducing bacteria, some of which were denitrifiers, were isolated from a similar water treatment system and characterized (17) . However, little is known about the occurrence and ecology of hydrogenotrophic denitrifiers in groundwater systems and whether there is any potential to utilize these organisms in situ to remediate nitrate contamination.
In this study we examined hydrogen oxidation by denitrification in a nitrate-contaminated sand and gravel aquifer. Hydrogen oxidizers appeared to be common constituents of the denitrifying population in the aquifer and had Kms suffi-ciently low that they could effectively compete for added hydrogen. These results suggest that hydrogen-stimulated denitrification may have significant potential for in situ remediation of nitrate-contaminated groundwater and that field studies of the process should be considered.
MATERIALS AND METHODS
Study site and sample collection. Sediments and groundwater were obtained from a nitrate-contaminated sand and gravel aquifer located on Cape Cod, Mass. The aquifer has been contaminated by the continuous disposal of treated sewage onto rapid infiltration sand beds for over 50 years. Much of the contaminant plume contains little or no oxygen and relatively high concentrations of nitrate (>1 mM) (16, 26) . Consequently, denitrification is a prominent terminal electron-accepting process within certain zones of the plume (25, 27) . The core material for this study was collected from such a zone.
Groundwater samples were obtained from multilevel samplers with a peristaltic pump (26) . Samples were collected by overfilling 1-liter glass bottles; care was taken to minimize exposure of the sample to the atmosphere. Aquifer sediments were obtained with a 5-cm-diameter piston core barrel (4). Cores were collected in 1.5-m-long aluminum liners, cut into 0.3-m sections, and capped. All water and sediment samples were stored at 4°C prior to usage.
Incubations with aquifer sediments. Activity assays were conducted by sediment slurry incubations. Cores were extruded into an anaerobic glovebag and mixed, and 50-ml aliquots were dispensed into tared 125-or 250-ml Erlenmeyer flasks. Groundwater (50 or 150 ml) was added to the flasks, which were then stoppered, weighed, and flushed for 30 min with He. For the nitrate consumption experiment (250-ml flasks), 1. removed with a gas-tight syringe and assayed for H2. For denitrification, rates of activity were determined by the acetylene block technique (25) .
Medium and MPN determination. The medium used for this study (designated HOD) was a mineral salts medium consisting of (in grams per liter): MgSO4-7H20, 0.2; NaNH4 HPO4* 4H20, 3.5; K2HPO4, 5 Culture experiments. Progress curves of hydrogen consumption were used to assess the kinetics of hydrogen uptake by the HOD isolates. Denitrifying starter cultures growing in HOD medium plus H2 were inoculated into 100 ml of the same medium in 500-ml flasks, 100 ml of H2 was added, and the flasks were incubated with shaking at 30°C. The cultures were grown to mid-logarithmic phase and then diluted to an optical density (600 nm) of 0.05 with fresh HOD medium. Fifteenmilliliter aliquots of the diluted culture were placed in replicate 150-ml serum bottles, which were stoppered and flushed for 10 min with He. Then 6.5 ml of CO2 and 0.2 to 0.4 ml of H2 were added to the bottles, which were placed on their sides in a 30°C
incubator with vigorous shaking. Hydrogen concentrations in the headspace of each bottle were monitored over time.
Growth curves were conducted with some of the isolates to examine autotrophic hydrogen consumption when both oxygen and nitrate were available as electron donors. Mid-log-phase starter cultures were inoculated into replicate 500-ml flasks containing 150 ml of HOD medium. The flasks were stoppered, and 4.5, 40, and 55 ml of CH4, 02, and H2, respectively, were added to each. The flasks were incubated with shaking at 30°C. H2 (75 ml) or CO2 (20 ml) was added whenever concentrations fell below 25% of the initial values. Methane was used as an internal standard to quantify pressure changes within the flasks, and all calculations were adjusted accordingly.
Estimation of kinetic parameters. Aqueous hydrogen concentrations were calculated with the solubility coefficients given by Gordon et al. (9) . Kinetic parameters for hydrogen uptake were calculated with a linearized form of the integrated Michaelis-Menten equation (equation 15 in reference 23). The precisions of the Km and Vmax values were assessed with a fourth-order Runge-Kutta numerical approximation of the Michaelis-Menten equation and the initial substrate concentration (DIFFEQ; MicroMath Scientific Software, Salt Lake City, Utah) as described by Suflita et al. (28) . The theoretical substrate depletion curves that were generated were visually compared with the observed data. Relatively small changes in the Km and Vmax values for the numerical approximation resulted in computed progress curves that did not match the observed data. For the sediment incubations, the kinetic parameters were calculated a second time with the RungeKutta approximation of the differential form of the MichaelisMenten equation fitted with a term (R) for the rate of endogenous substrate production (equation 3 in reference 23).
Analytical techniques. Nitrate, nitrite, and ammonium concentrations were determined colorimetrically with a flowinjection autoanalyzer (Lachat Instruments, Mequon, Wis.). Nitrous oxide was measured by gas chromatography with an electron capture detector (4). Oxygen, carbon dioxide, and methane were analyzed with a Carle analytical gas chromatograph (model AGC-311; Hach Co., Loveland, Colo.) equipped with thermal conductivity and flame ionization detectors connected in series. Hydrogen was analyzed on the same gas chromatograph by connecting a reducing gas detector (model RGD2; Trace Analytical, Stanford, Calif.) in series with the thermal conductivity detector and using a 0.3-cm-diameter, 1.8-m-long column of Carbosieve S-II. Bacteria were enumerated by acridine orange staining and epifluorescence microscopy (26) . All gases used for cultures and incubations were 02-free.
RESULTS
Sediment experiments. The groundwater in the zone of the contaminant plume from which all the samples for this study (Fig. 1) . At 30°C, the endogenous rate of nitrate consumption was 4.2 nmol (cm3 of sediment)-1 h 1, and after 9 days 34% of the nitrate lost was present as nitrite. The addition of formate or hydrogen significantly stimulated nitrate consumption, to the extent that all or nearly all of the nitrate was depleted by 9 days (Fig. 1) . The maximal rates of nitrate consumption were 57.8 and 23.1 nmol (cm3 of sediment)-' h-' for the formate and hydrogen additions, respectively. Ammonium was not produced during these incubations.
The kinetics of hydrogen consumption by aquifer sediments was examined in similar incubations with much smaller quantities of added hydrogen. Progress curves of hydrogen uptake by these sediments demonstrated rapid and immediate uptake of the added hydrogen ( Fig. 2A ) that was repeatable with successive additions of different amounts of hydrogen. These incubations were vigorously agitated to prevent phase-transfer limitations. The linear relationship of the transformed data (Fig. 2B) indicates that consumption of hydrogen in the incubations followed Michaelis-Menten kinetics rather than a first-order transfer of hydrogen across the gas-water interface. On the basis of this linear model, the Km for hydrogen uptake was 0.60 ,uM and the V,na was 18.7 nmol (cm3 of sediment) -h-V. Applying the same data to a nonlinear model containing a term for endogenous hydrogen production (R) resulted in a slightly lower Km (0.45 ,uM), the same Vmax, and an endogenous rate of production of 0.6 nmol (cm3 of sediment)-1, which was about 3% of the uptake Vin,. Simultaneous incubations using separate aliquots of the same sediment determined a denitrification rate of 0.9 nmol of N20 produced (cm3 of sediment)-' h-l by the acetylene blockage technique (with no added hydrogen).
MPN estimates of heterotrophic denitrifying bacteria were 91 (g of moist sediment)-1 for samples taken from the active zone of denitrification within the aquifer. There were also low, but measurable, populations of denitrifiers that could grow and utilize either hydrogen or formate as the sole electron acceptor (7 and 3% of the heterotrophic denitrifiers, respectively).
Hydrogen-oxidizing cultures. Enrichments for hydrogenoxidizing denitrifying bacteria were prepared with core material collected from a denitrifying zone at two different locations within the aquifer. Nine isolates were obtained from these enrichments and designated strains HOD 1 to Progress curves with dilute suspensions of mid-logarithmicphase cultures were used to determine the kinetics of hydrogen uptake by the HOD isolates (Fig. 3) (Fig. 4A) . After the initial aerobic growth, nitrate consumption began when the oxygen partial pressure had decreased to 2 kPa (22 ,uM (Fig. 4B) autotrophically as a hydrogen-oxidizing denitrifier (1) and has been studied extensively because of its suggested similarity to mitochondria (13) . Only a few other known bacteria can oxidize hydrogen and denitrify (though not necessarily simultaneously), such as three of the Hydrogenophaga species (33) and Alcaligenes eutrophus (21) , although autotrophic growth by the latter is reported to be very slow or absent (1). Hydrogenase activity under denitrifying conditions has also been reported for Rhizobium japonicum (20) and Azospirillum brasilense (30) . More recently, Liessens et al. (17) isolated several strains of nitrate-reducing organisms that could oxidize hydrogen, a small subset of which were denitrifiers but none of which were P. denitnificans, nor was P. denitnficans found in a survey of denitrifiers isolated from world soils (6) .
The results from this study clearly demonstrate that a denitrification-based microbial community, in a groundwater environment, can readily utilize hydrogen as an electron donor. This capacity appears to be directly attributable, at least in part, to the denitrifiers themselves. We were able to isolate hydrogen-oxidizing denitrifiers from the aquifer and to determine that a portion of the heterotrophic denitrifying population could autotrophically utilize hydrogen for growth. It also seems likely that an even larger fraction of the denitrifiers in the aquifier possess the physiological capacity to oxidize hydrogen when growing heterotrophically, though this was not specifically examined. Denitrification is often electron donor limited in groundwater (25, 27) . This situation arises because pristine subsurface environments are characteristically oligotrophic, but when contaminated, nitrate loading frequently exceeds organic carbon loading. The result is atypical of denitrification in most surface waters or soils, which are usually more electron donor rich relative to available nitrate (5, 14) . For example, dissolved organic carbon in the nitrate-containing zone of the Cape Cod aquifer is only 2 to 2.5 mg of C per liter (27, 29) , and the organic carbon content of the sand and gravel matrix is <0.1% (2) . Therefore, autotrophic denitrification may be much more prevalent in groundwater environments. Pyrite oxidation has been reported as a dominant denitrifying mechanism in groundwater in Germany (3) and Denmark (22) .
While the goal of this study was not necessarily to identify the hydrogen-oxidizing organisms that were isolated from the aquifer, it is interesting that none of the isolates were similar to P. denitnificans (Table 1) , nor were they yellow-pigmented Hydrogenophaga spp., the genus that harbors most of the other hydrogen-oxidizing denitrifiers (33), and they do not match any of the hydrogen-oxidizing Alcaligenes species in terms of compounds that can be utilized as sole carbon and energy substrates for growth (1) . All of the isolates in this study, except HOD 7, are capable of reducing nitrate beyond nitrite when grown autotrophically and therefore most closely resemble group D of the hydrogen-oxidizing organisms isolated by Liessens et al. (17) from a hydrogen-amended water treatment system. HOD 7 was able to grow on a much broader range of organic substrates than the other HOD strains but only grew mixotrophically on hydrogen after the first few transfers.
Hydrogen-stimulated denitrification appears to be a good candidate for in situ bioremediation of nitrate-contaminated groundwater. The end products of the process, N2 and H2O, are innocuous, and hydrogen oxidizers were an established component of the indigenous population of denitrifiers in the sand and gravel aquifer in this study. Nitrate contamination is a widespread phenomenon in groundwater throughout North America and Europe and, in many cases, in the presence of oxygen. All of the known hydrogen-oxidizing denitrifiers, including the organisms isolated here, can also oxidize hydrogen aerobically. Thus, it may be possible to use hydrogen to sequentially consume first the background oxygen and then the contaminant nitrate. The fraction of the hydrogen-oxidizing population that can use both electron acceptors should be able to switch from oxygen to nitrate with very little lag time (Fig.  4) . For either electron acceptor, the addition of hydrogen targets a very specific microbial population and there would be very little competition from other unwanted processes, such as might occur if an organic compound were added (e.g., see reference 19) . Furthermore, as a secondary result, increases in subsurface biomass should also be minimal.
Effective bioremediation is facilitated if the kinetics and the stoichiometry of the process of interest are known. The Vma for hydrogen uptake by the aquifer core material was very low when compared with that of sulfate-reducing and methaneproducing sediments taken from productive surface water systems (for a summary, see Table IV in reference 8), but only about 40-fold lower than aerobic hydrogen uptake by a sandy soil (24) . This difference is due generally to a much lower microbial biomass in the groundwater environment (12, 26) . The Km for hydrogen uptake is also lower than for those same in the kinetic parameters when oxygen was the electron acceptor (1 1).
In summary, the microbial population in the portion of a sand and gravel aquifer in which denitrification was the predominant terminal electron-accepting process could readily utilize hydrogen or formate and had a relatively low K,,2 for hydrogen uptake. Hydrogen-oxidizing denitrifying bacteria were subsequently isolated from the aquifer, most of which could grow autotrophically on hydrogen with either nitrate or oxygen as the electron acceptor. Given the relative abundance of these organisms in the aquifer and the fact that their high affinity for hydrogen coupled with their autotrophic capacity makes them relatively easy to specifically target in situ, hydrogen-stimulated denitrification may be a useful option for bioremediating nitrate-contaminated groundwater. The utility of this approach will depend on the extent to which nitrate accumulates, the amount of hydrogen (or possibly formate) that can be added to the subsurface, and the degree to which dispersion can be enhanced or facilitated. We are currently conducting field experiments using natural gradient tracer tests to address these issues. " Cell growth and uptake assays were done in an autotrophic medium except for HOD 7, for which the medium was supplemented with 2% nutrient broth.
" Correlation coefficient for the linearly transformed progress curve data (see Fig. 3, inset) 
